INTRODUCTION
Magnetic properties of volcanic rocks are controlled mainly by the physical and chemical state of their constituent ferromagnetic minerals. The most important parameters determining magnetic properties are concentration, composition, grain size, and oxidation state. In sea floor basalts, the main ferromagnetic minerals are titanomagnetites which are either unoxidized or, more commonly, have undergone various degrees of posteruptive low-temperature oxidation to become cationdeficient titanomagnetites, or titanomaghemites. The effects of this low-temperature alteration are seen in the increase of Curie temperature and decrease of saturation magnetization and lattice parameter of ferromagnetic minerals (Readman and O'Reilly, 1972) . It is now believed that titanomaghemitization of newly formed mid-ocean ridge crust proceeds with a time constant of about 1 m.y., accompanying drastic decrease of the intensity of the natural remanent magnetization (NRM) (Johnson and Atwater, 1977) .
Titanomaghemites also occur in subaerial volcanic rocks (e.g., Akimoto and Kushiro, 1960) but such occurrence is not universal as in sea floor basalts, and is usually related to some form of hydrothermal alteration (Ade-Hall et al., 1971) . Most subaerial basalts show varying degrees of high-temperature oxidation of titanomagnetites, which took place at temperatures higher than 600 °C while the basalts cooled from the initial molten state (Buddington and Lindsley, 1964; Ozima and Larson, 1970) .
Until now, the distinction between the ferromagnetic minerals in sea floor basalts and those in seamount basalts has not been adequately recognized. Lowrie (1977) pointed out a systematic difference in the intensity of NRM of DSDP and dredged samples, where dredged samples were obtained primarily near active oceanic ridges or seamounts and DSDP samples correspond to more or less ordinary sea floor. In detailed rock magnetic studies of dredged submarine rocks, Ozima et al. (1974) concluded that "regardless of the origin of submarine basalts whether they are from seamount or sea floor, the ferromagnetic mineral in young submarine basalts are homogeneous Ti-rich titanomagnetite, whereas titanomaghemite is the major ferromagnetic mineral in older submarine basalts." Marshall (1978) also found that the ferromagnetic minerals in Hole 192A basalt from Meiji Seamount are highly cation-deficient titanomagnetites quite similar to those found in other DSDP basalts drilled from the sea floor. Such a lack of distinction may be a result of insufficient sampling of seamount basalts; even on Meiji Seamount, only 13 meters of basaltic layer was penetrated.
Leg 55 of the Deep Sea Drilling Project (DSDP) offered a unique opportunity for studying seamount basalts. Withj>enetrations into basaltic basement of 58.7 meters at Ojin (Hole 430A), 31.9 meters at Nintoku (Hole 432A), and 10.5, 23 and 387.5 meters at Suiko (Holes 433A, 433B, 433C), it is now possible to study the magnetic properties of seamount basalts in detail. It is the purpose of this paper to investigate the physical and chemical states of ferromagnetic minerals in these basalts and to compare them with those in sea floor basalts. Using the results of rock magnetic studies (Kono, this volume), we hope to characterize the ferromagnetic minerals in Emperor Seamount basalts and to make a comparison of magnetic mineralogy of sea floor and seamount basalts.
OPTICAL MICROSCOPY
Polished sections of about a hundred samples were studied under oil immersion using a Reitz microscope with reflection light attachment. A magnification of 1000 was used throughout the study. The purpose of this observation was to define optically the oxidation state of the samples. The oxidation type of samples was already defined by Kono (this volume) from the shape of thermomagnetic curves, but the oxidation stage was independently defined from the microscopic observations.
The high-temperature oxidation stages used in the present study are developed from the scheme of Larson et al. (1969) . Basically, low, moderate, and high oxidation stages were distinguished by the presence or absence and abundance of ilmenite lamellae in titanomagnetite host and pseudobrookite. Other phenomena, such as granulation (Ade-Hall et al., 1971) , metailmenites (oxidation product of ilmenite lamellae or ilmenite crystals, probably mixtures of pseudobrookite or rutile and hematite), and reddening and replacement of silicates by secondary iron oxides, were used as supporting evidence. Typical implications for each oxidation stage are as follows:
N: No oxidation. Only homogeneous grains present. Indication of oxidation (ilmenite lamellae, etc.) absent. L: Low oxidation. Ilmenite lamellae not common.
Silicates not affected. Wilson and Haggarty (1966) and Ade-Hall et al. (1968) ; but our stages N, L, M, H may correspond to their Classes 1, 1-2, 3, 4-6, respectively.
The oxidation stages defined in the foregoing do not take the secondary alteration into account. Some of the samples also contain titanomaghemites and show irreversible thermomagnetic curves (oxidation type LT, see Kono, this volume). In most of these samples, titanomaghemitization of minerals was ascertained by microscopic observation of shrinkage cracks and color change from brownish gray to bluish gray near grain boundaries and cracks (e.g., Johnson and Hall, 1978) .
Results of microscopic observations are summarized in Tables 1, 2 , and 3. In these tables, a close correlation can be seen between the oxidation type LT (irreversible thermomagnetic curve indicating titanomaghemite) and the optically observed titanomaghemites. Hence, it can be concluded that thermomagnetic analysis under moderately high vacuum ( 10~4 Torr) is a good means for detecting titanomaghemites. If the ferromagnetic mineral is really one phase, measurements of the Curie point and the lattice parameter uniquely determine the composition of titanomaghemite (Readman and O'Reilly, 1972; T. Nishitani, in preparation) .
Ferromagnetic minerals in Ojin (Table 1) and Nintoku (Table 2) basalts show quite different oxidation conditions. Almost all the Ojin samples show moderate to high oxidation, high Curie temperature, reversible thermomagnetic curve, and absence of secondary oxidation. On the other hand, many of the Nintoku samples have low to moderate Curie temperatures, irreversible thermomagnetic curves, and titanomaghemites. The original (high-temperature) oxidation was low to moderate in such samples. As they are alkalic basalts or hawaiites of similar ages drilled from similar depths of 1400 to 1600 meters, the basalts of the two seamounts may have experienced similar conditions at the time of eruption and afterwards. The difference in high-temperature oxidation states may have been caused by some local conditions, e.g., presence or absence of joints and cracks, availability of ground water, etc., at the time of initial emplacement. But at this stage, we cannot point out a plausible mechanism which caused such difference in oxidation environment.
In Suiko basalts, the degree of high-temperature oxidation is generally high, and most of the samples are free from the effects of low-temperature oxidation. Some of the minerals in lower oxidation stages show evidence of titanomaghemitization (Table 3) . However, the occurrence of titanomaghemites seems unrelated to either the rock type (tholeiite or alkalic basalt) or the depth from the sea floor. Some of the lava flows contain both HT-and LT-type samples. The only distinction between these two types seems to be in the high-temperature oxidation stage. Figure 1 shows the histograms of Curie temperature and oxidation stages and a correction diagram between these two properties for all the Leg 55 samples. Apparently, the samples with titanomaghemites have undergone only low-temperature or low-to moderately high temperature oxidation. It is plausible that once the ferromagnetic minerals are highly oxidized at high temperatures, oxidation cannot proceed later at low temperatures even in a very oxidizing environment. High Curie temperature ( 500°C) by itself does not mean a high degree of oxidation; when Replacement of silicates common.
Notes: Flow Unit column indicates flow unit number and type of rock: A, alkalic basalts, T, tholeiites. T c = Curie temperature in°C . Type = type of thermomagnetic curve: NO, no oxidation, HT, high-temperature oxidation, LT, low-temperature oxidation. Oxidation Stage = degree of high-temperature oxidation of titanomagnetite: N, L, M, H = no, low, moderate, high oxidation. Ilmenite lamellae: presence of ilmenite lamellae in (111) planes of (titano-) magnetite host crystal. Pseudobrookite: presence of pseudobrookite as oxidation product of Ti-rich phase. Titanomaghemite: presence of low-temperature oxidation product. +++ abundant, ++ common, + present. the high-temperature oxidation is incomplete and there exist multiple ferromagnetic phases with a distribution of Curie temperatures, it is usually not possible to observe any but the highest Curie temperatures.
SCANNING ELECTRON MICROSCOPY
Some of the samples used in optical observations were repolished, etched 3 minutes in 6N hydrochloric acid, coated with evaporated gold, and observed using a scanning electron microscope (SEM). Since the number of samples observed by SEM is small, we do not claim that the following observations are characteristic of titanomagnetites in seamount basalts. However, the SEM observations illustrate several interesting features of the ferromagnetic minerals that could not be observed by any other means. The SEM used was a Cambridge Scientific Instruments model S4, equipped with a Kevex 5500 X-ray Energy Spectrometer, in the Department of Molecular Biology, University of Colorado, Boulder. Observations were carried out with an accelerating voltage of 20 kV and magnifications between 500 and 15,000. Some of the photographs are reproduced in Figures 2 through 4 . Figure 2a shows a titanomagnetite grain in Sample 432A-2-1, 74-76 cm at low magnification. The grain is homogeneous except for some irregular patches (dark gray) near some of the cracks and at the top right. The dark portion apparently corresponds to titanomaghemite. Since the low-temperature oxidation is not severe, the grain still keeps sharp boundaries, and shrinkage cracks are not common. Figure 2b shows a different grain from the same sample. Again the mild low-temperature oxidation resulted in dark, irregular patches near cracks. More irregular cracks appear in the figure, but it may be simply because the magnification was larger (5000 times) or it may represent the effect of volume change caused by oxidation. A notable feature of Figure 2b is the presence of minute ilmenite lamellae running parallel in two directions. These lamellae could not be observed by optical microscope, because of their small size. The SEM observations of this sample are consistent with the results of thermomagnetic and microscopic analyses (Table 2) ; high-temperature oxidation is mostly of low degree and there is indication of incipient titanomaghemitization. Figure 3 shows a grain in Sample 432A-2-2, 72-74 cm at two magnifications. This sample is typical of the moderate (M) stage of high-temperature oxidation. The ilmenite lamellae are quite well developed. The thicker ones appear at spacings of about 2 µm; thinner ones are much more abundant, and their intervals are 0.5 µm or less. Undoubtedly, the subdivision by fine lamellae reduces the effective grain size and causes high magnetic stability similar to single domain grains (Strangway et al., 1968 ). The coercive force (H c ) and saturation remanence/magnetization ratio (J r /J s ) of this sample are 288 Oe and 0.206 (Kono, this volume) , in good agreement with the above conclusion. Figure 4 shows Sample 430A-5-5, 44-46 cm, which is a highly oxidized sample, according to microscopic observation (Table 1 ). Figure 4a shows that in this grain, thick lamellae of 2 to 5 µm are well developed mostly in two directions. The matrix (lighter) part appeared homogeneous, but when we went up to a magnification of 6100 (Figures 4b, 4c ), we observed a large number of tiny lamellae in the matrix part. As in Sample 432A-2-2, 72-74 cm (Figure 3 ), the tiny lamellae divide the titanomagnetite matrix into cells of 0.5 µm or less. Some of the thick lamellae contain dark patches ( Figure  4b ); perhaps they correspond to pseudobrookite, the oxidation product of ilmenite. This stage of oxidation is consistent with the microscopic observation, where some pseudobrookite is actually observed ( Table 1) .
The tiny lamellae in Figures 4b and 4c are aligned in two directions, neither of which is parallel to the directions of larger lamellae. As the ilmenite lamellae exsolve in (111) planes of spinel structure, there are usually three directions in which lamellae appear when a titano- Hole 43 magnetite grain is cut at an arbitrary surface. The directions defined by tiny lamellae in Figure 4b are all different from the directions of larger lamellae. Such difference is possible if the materials of the large and small lamellae are different. In fact, in some rocks, ulvospinel lamellae appear in (100) planes of magnetite because of solvus reaction. In the present sample, ulvospinel cannot be the material, since the oxidation state is high, but some other cubic material may really make up the tiny lamellae. A series of X-ray energy-dispersive spectra were taken by Kevex spectrometer. The portions where spectra shown in Figure 5 were obtained are marked in mine the exact ratio of Fe atoms to Ti atoms. It is reasonable to assume, however, that the ratio is close to 1, corresponding to the composition of ilmenite. Figure 5b shows the spectrum from another portion of Figure 4b . Since it is not possible to determine the composition of tiny lamellae, a mixture of lamellae and groundmass was measured. Figure 5b shows that Ti is almost absent from this part, and that a considerable amount of Al is present in addition to Fe. Mg may also be present, but we cannot be sure, because of the high background noise level near 1 keV. Figure 5c is a spectrum taken from a much larger area of the same grain (Figure 4a ), and can be taken to represent the overall composition of this grain. Here, the Fe and Ti peaks are dominant, but the presence of Al and Mg is also certain. From Figure 5b alone, we might have concluded that the tiny lamella is composed of either hercynite (FeAl2θ 4 ) or spinel (MgA^C^), both of which have spinel structure. Since Mg apparently exists in this grain, however, it is more plausible that the tiny lamellae are of spinel composition. Lamella structure of spinel in titanomagnetite has not been reported, to our knowledge, but is plausible, since Katsura et al. (1976) report that spinel forms a perfect solid solution with titanomagnetite at high temperatures in the TiFe2θ 4 -Fe 3 O 4 -MgAl2θ4 ternary system, provided that the MgAl2θ 4 concentration is less than about 20 per cent. Mg and Al are also the most abundant "impurity" atoms in naturally occurring titanomagnetites (e.g., Creer and Ibbetson, 1970) . Another important implication is that the matrix becomes very Ti-poor and tends toward almost pure magnetite (Fe3θ 4 ) as the oxidation proceeds and lamellar structure develops, as shown in Figure 5b .
In the SEM studies, it was not possible to distinguish hematite from unoxidized magnetite. We do not know if this is a general limitation of SEM. But supplementary optical-microscopic observations can alleviate this deficiency quite well. The magnification of 15,000 is not a limit of SEM capability, but at higher magnifications, the images are so blurred that a good view cannot be obtained. This is perhaps a result of the magnetic field caused by minerals, which deflects the electron beams out of focus. A range of 1000 × to 10,000 × may be the optimum range for SEM observation of titanomagnetites.
X-RAY MICROPROBE ANALYSES
Results of microprobe analyses are summarized in Tables 4 through 6. These tables list weight percentages of TiO 2 , A1 2 O 3 , Cr 2 O 3 , FeO, MgO, MnO, and the totals, as well as composition parameters x or y for titanomagnetite, xFe 2 TiO 4 (1 -x)Fe 3 O 4 , or hemoilmenite, j>FeTiO 3 (1 -_y)Fe 2 O 3 . The composition parameters were calculated using the following scheme. The x values were calculated directly from Ti/Fe ratios. Al, Cr, Mg, and Mn were assumed as impurities. Some grains contain a considerable amount of Cr; but in all cases there is enough Mg to form magnesiochromite (MgCr 2 O 4 ), so that our assumption is perhaps valid. In the derivation of y, TiO 2 was assumed to be distributed among the ternary system geikielite (MgTiO 3 )-pyrophanite (MnTiO 3 ) -hemoilmenite. This assumption was necessary because in many crystals Ti/Fe ratio exceeds one, indicating y values larger than 1. As geikielite and pyrophanite have the same crystal structure (R3) as ilmenite, and as they are known to form solid solution with ilmenite, this assumption seems well founded. Al and Cr are again neglected in the calculation as impurities. Geikielite and pyrophanite component is about 10 mole per cent or less for most grains, but a few contain more than 20 mole per cent of these minerals.
Many of the data show low totals of 90 to about 95 per cent. Part of this mass deficiency is caused by taking total iron as FeO. If we calculate the proper amount of Fe 2 O 3 for each grain, part of the discrepancy can be accounted for. Since the electron beam of the microanalyzer is a few micrometers across, we are looking at some average composition of a grain. As the results of optical and electron microscopic observations show, most of our samples are oxidized to some extent. This means that the "titanomagnetite" phase may be either a mixture of ilmenite and magnetite or even a mixture of pseudobrookite and hematite. A similar situation exists with regard to the "hemoilmenite" phase. some samples even after we take all the iron as Fe 3 + ; second, such a method of calculation would give a wide range of oxidation parameter z for grains closely located in the same sample -for instance, in Sample 432A-5-2, 57-66 cm, z ranges from 0.15 to 0.73, which is quite unrealistic. Therefore, the deficiency may show the effects of oxidation, as well as other impurity atoms (such as vanadium) not measured in our experiments. Figure 6 shows the histograms of x and y for the present samples. The value of x or y of each grain is counted 
. SEMphotographs of Sample 432A-2-2, 72-74 cm, which is a typical example of moderate stage of high-temperature oxidation, (a) A titanomagnetite grain at a magnification of 2360 ×. (b) The same grain at 5800 ×. Note the development of very fine ilmenite lamellae (rod shaped).
as a datum in this figure, but the distributions are not much different when sample-average x and y (Table 7) are used. This figure shows that most of the hemoilmenite grains have a composition in a narrow range, 0.9 < y < 1.0, whereas the titanomagnetite grains show a wide variety in their composition centered around x 0.7. In ocean floor basalts, x of almost all the titanomagnetite (titanomaghemite) grains fall between 0.5 and 0.7, with a mean value of about 0.65 (Johnson and Hall, 1978; Hamano et al., 1979) . A wide range of x values may be a characteristic property of subaerial basalts. Petersen (1976) Figure 4b , where tiny lamellae exsolve. tion of x may be a result of diffusion of metallic ions (Fe, Ti) at high temperatures when high temperature oxidation is proceeding.
Note that Ti peak is very low and that AI is clearly present, while Mg peak is barely out of the background. The bars above the Al peak indicate expected K a andKß emission lines of Al. (c) Overall composition. This time the Mgpeak is more clearly evident.
Sample-average compositions of titanomagnetites and hemoilmenites in Leg 55 basalts are shown in Table  7 . Where four or more determinations of both x and y are available, the temperature and oxygen fugacity (fθ 2 ) of equilibration were estimated by the method of Buddington and Lindsley (1964) and also given in this table. The temperatures and oxygen fugacities thus obtained range between 790 and 1200°C and 10" 82 and 10~1 6 4 atm, respectively, but mostly lie between 960°C and 1100°C and between 10~1 0 and 10~1 2 atm. These data distribute close to the fayalite-magnetite-quartz (FMQ) buffer in the temperature versus oxygen fugacity diagram, in agreement with the data of Carmichael and Nicholls (1967) . As discussed earlier, the composition of a mineral grain determined by microanalyzer is an average of an area a few micrometers across. In the present samples, however, chemical homogeneity cannot usually be expected for such an area in a grain, because the high-temperature oxidation caused the unmixing of titanomagnetite into Ti-rich and Ti-poor phases even at the sub-micrometer level. Therefore, these estimates should correspond to conditions at which separate titanomagnetite and hemoilmenite minerals were crystallized. Some of the samples show much lower temperature than the others (430A-6-3, 52-63 cm and 433C-42-1, 56-63 cm). They may correspond to the times when larger (~5 µm) ilmenite lamellae unmixed from the titanomagnetite host by high-temperature oxidation. It is quite certain that the Buddington-Lindsley method gives only the last equilibrium condition at some size level. High-temperature oxidation still proceeds at lower temperatures, but we cannot measure compositions of separate phases at this stage, because they are too small. Because of this limitation in resolution, application of the Buddington-Lindsley method requires special caution when subsolidus reactions occurred at the micrometer level.
CONCLUSIONS
Fe-Ti oxides in Leg 55 basalts were analyzed by optical microscope, scanning electron microscope, and X-ray microanalyzer. Substantial differences exist between the states of ferromagnetic minerals in the present samples and in typical oceanic basalts. Leg 55 basalts are characterized by universal occurrence of high-temperature oxidation, a high magnetic stability in consequence of the small effective grain size, and a wide range of composition of the titanomagnetite phase. These are typical properties of subaerial basalts. From these observations, we conclude that Leg 55 basalts (and perhaps most of the Emperor Seamounts basalts) were subaerially erupted, and that subsidence into the sea of the volcanic islands at later dates did not appreciably change the original ferromagnetic minerals. We do not support the widespread opinion that titanomagnetites in basalts of any origin alter to titanomaghemite at ambient temperatures if the basalts are submerged under the sea for a sufficiently long period of time (~ 10 7 years, e.g., Ozima et al., 1974) . Leg 55 basalts also contain some titanomaghemites. The degree of low-temperature oxidation in Leg 55 basalts is usually quite low. Lowtemperature oxidation is confined to samples where high-temperature oxidation was of low or low to moderate degree, but none of the H and M-H samples contain titanomaghemite. Low-temperature oxidation is abundant in Hole 432A (Ningoku) and absent in Hole 430A (Ojin). In Hole 433C (Suiko), the occurrence of lowtemperature oxidation is not related to either type of rock or depth below the sea floor.
Observations by SEM reveal lamellar structure at a fraction of a micrometer. When ilmenite (and other) lamellae are well developed, the host becomes almost pure magnetite. The existence of spinel lamellae at fine scale was found by X-ray energy-dispersive spectrum. The subdivision of magnetite host by lamellae is undoubtedly related to the nearly single-domain-like stability of magnetization in these rocks. Because of such fine-scale structures in Fe-Ti oxides, we point out the inherent ambiguity in application of the Buddington-Lindsley method to estimate the "last" equilibrium temperatures and oxygen fugacities.
